As the natural gas pipeline system in Western Canada expands northward, it traverses the discontinuous permafrost zone. As the ground temperature o f the frozen soil in this zone is just below freezing, it can be expected that within the design life o f a pipeline the permafrost adjacent to it w ill melt due to the disturbance o f the insu lating cover by construction activities. Differential settlement at the thawing frozen/unfrozen soil interfaces gives rise to pipeline strain. Based on the calculated settlement and resulting strain level, a cost effective mechanical or civil design solution can be selected to mitigate the differential settlement problem. Since these design solutions can be costly, it is desirable to combine them with a pipeline route that traverses the least amount o f discontinuous permafrost terrain while minimizing the overall length o f the pipeline. This paper w ill detail the framework utilized to select the routing for a package o f pipeline projects in northwestern Alberta. The process began with a review o f the state o f the art in permafrost engi neering in order to benefit from past experiences. Airphoto interpre tation and terrain mapping were performed for potential pipeline corridors. Preliminary routing options through the corridors were chosen from this mapping information that minimized both pipeline length and amount o f permafrost terrain traversed. The next step was to collect field data for each route that would determine the extent and characteristics o f the permafrost. Essentially two sets o f field data were collected: geophysical mapping o f representative sections o f each terrain type and physical sampling o f the permafrost. Boreholes were located following field interpretation o f the geophysical data to ensure they were optimally located to help in calibration o f the geophysical data. Permafrost samples were tested in the laboratory for thaw settlement. Anticipated thaw settlements were used to estimate pipe strain levels. This information was then extrapolated for the entire proposed pipeline route and used to finalize both the pipeline route and the differential settlement design options. Monitoring sites will be instrumented to obtain data on the longer term performance of the pipeline, as well as for assessing permafrost degradation effects on the right-of-way such as settlement and impact on drainage patterns.
INTRODUCTION
enough to cause freezing o f high water content soils. There is also the potential problem o f instability o f even gentle slopes if they are underlain by permafrost which begins to degrade. Thus, it is im portant to know how the permafrost and the operating pipeline will interact to ensure safe operation and continuous flow o f gas to the marketplace. This paper describes a framework implemented by Nova Gas Transmission Ltd. (NGTL) to assess the potential impact o f discon tinuous permafrost on four pipeline projects proposed for construction in northwest Alberta. Two projects were in the Rainbow Lake area and two were in the Zama Lake area. The pipelines ranged in diam eter from 406 mm to 762 mm (NPS 16 to NPS 30) and had a total length o f approximately 170 km. This paper w ill focus on the upfront assessment work such as: preliminary design overview, terrain anal ysis, route selection, field identification o f discontinuous permafrost locations and laboratory testing o f permafrost samples. Select data will be presented to illustrate the various phases o f the work. Not included in this paper are the stress analysis o f the pipeline within the permafrost areas and the selection o f the preferred design option. These issues are dealt with in a paper written by Zhou et al (1996) .
PIPELINE TEM PERATURE PROFILE
In order to assess how the pipeline and the permafrost w ill inter act, it is necessary to assess the temperature profile o f the operating gas pipeline. This assessment was done using four different scenar ios: two gas inlet temperatures and two soil temperatures. At this early stage in the project, it was necessary to estimate probable pipe line diameters and lengths.
A typical profile for a 508 mm (NPS 20) diameter pipe is shown in Figure 3 . The profile shows how the temperature o f the pipeline drops, approaching the soil temperature, versus length o f pipeline. This particular figure is for an assumed soil temperature o f plus 4 de grees Celsius. Other profiles were produced for a minus 0.3 degrees Celsius soil temperature. The inlet temperature o f 45 degrees Celsius is the maximum allowed by NGTL for gas entering it's system. The 15 degree temperature was considered a reasonable minimum.
It is interesting to note the long distance required before the pipe reaches the soil temperature. Thus, frost heave o f the pipeline w ill be a minimal concern. It should also be noted that future laterals could inject additional hot gas at any point along the pipeline once it is oper ating.
The cooling o f the gas due to the Joule-Thompson effect was con sidered as well. However, for the particular pipelines under consid eration, the terrain crossed is gently sloping with only small valleys. Thus, the Joule-Thompson effect is negligible.
TERRAIN TYPING
The general corridors for the proposed pipelines were chosen based on existing NGTL pipelines, potential gas development areas and pipeline hydraulics. A specialist firm in aerial photography in terpretation was then hired to review a nominal 8 km width o f each proposed corridor. Colored mosaics were prepared for each corridor. The mosaics detailed the vegetative covers, drainage routes, different soil units and the possibility o f permafrost being present within that terrain unit. Terrain typing was the major input to the preliminary route selection and also to the final cost estimating comparisons for the different routes. Table 1 shows the major terrain units for the area reviewed.
DESIGN, CONSTRUCTION AND MAINTENANCE OVER VIEW
There is extensive historical data from work performed on pipe lines within permafrost during the oil boom years o f the 1970s and 80s. In ah attempt to capture the results o f some o f this work, NGTL commissioned a consultant to prepare a report highlighting where the North American pipeline industry was in terms o f building and oper ating pipelines in permafrost. The report detailed design issues, re cent developments in terrain analysis and remote sensing, a review o f drilling options and geophysical methods, significant aspects o f pipe line construction in discontinuous permafrost and, finally, a review o f revegetation and remediation o f the right-of-way following construc tion and during operation.
The report helped the design team to focus on the preferred field exploration methods and design procedures. The consultant also pro vided subsequent field and laboratory support as well as specialist design support.
ROUTE SELECTION
The basic premise used in selecting potential routes for the pipe lines was that, wherever possible, they be located on existing cleared seismic lines or other open corridors/ There are several reasons for this. First, Forestry officials stress the need to use existing corridors to reduce new timber cutting and also to reduce opening up new ground access to wildlife areas. Second, survey and construction costs are reduced as the corridors provide easy access for crews. Third, it is believed that the amount o f discontinuous permafrost encountered along open seismic lines will be less. This is based on the assumption that the permafrost w ill have degraded due to the removal o f the tree cover and the disturbance o f the vegetative mat. The extent o f melting is dependent on how long ago the seismic cutline was cleared.
Using the results from the terrain analysis, and emphasizing ex isting cleared corridors, several route options were chosen and marked on the aerial photographs. These route options were then flown by members o f the design team. The route reconnaissance crew consisted o f a surveyor, geotechnical engineer, project manager and an environ mentalist. The routes were reviewed with respect to access, water crossings, new infrastructure, length and w ildlife and forestry con cerns. The routes were also assessed on the basis o f how much "high probability" permafrost terrain, as identified by the terrain typing, they traversed. Alternate reroutes which avoided the high probability per mafrost areas were also flown to assess the previously noted issues.
Following the field route selection, consultation with local regu latory officials and further office review, two possible routes were chosen for the Rainbow Lake projects and one preferred route chosen from two proposed for the Zama Lake projects.
GEOPHYSICAL FIELD PROGRAM
Portions o f the proposed routes were then selected to further evaluate subsurface conditions. An arbitrary goal o f evaluating thirty percent o f the length o f each pipeline route was set. The selection o f the route segments were skewed towards those terrain types and features most commonly associated with the occurrence o f permafrost (i.e. north-facing slopes and terrain types o f organic cover). In addi tion, to minimize environmental impact and to facilitate subsequent ground survey access, the segments coincided with existing seismic cutlines where possible.
The selected portions were designed to traverse terrain type boundaries, enabling a confirmation o f air photo interpretation. Once the selection process was complete, the field program was designed to maximize the efficiency and minimize the cost o f data acquisition.
Several geophysical methods have applications within pipeline routing studies. These include fixed frequency electromagnetics (FEM), horizontal loop electromagnetics (HLEM), transient electro magnetics (TEM), direct current (DC) resistivity and ground pene trating radar (GPR); all o f which delineate permafrost and peat dis tribution and variations in soil type by identifying contrasting electri cal properties. In addition, seismic refraction and seismic reflection techniques may be used to map permafrost distribution, bedrock topography and bedrock rippability as a function o f seismic velocity (Sellman et al, 1983) .
Sei'-dion o f the most appropriate geophysical technique was based upon technical effectiveness, mobility, speed o f operation and cost. As the objective o f the geophysical surveys was primarily to map permafrost distribution, the relatively low conductivity o f permafrost within the host material enabled the use o f electomagnetic methods (Hoedstra et al, 1975) . The FEM technique best fulfilled the above criteria.
Although capable o f meeting survey objectives, the success o f other electrical methods would have been impacted by specific site conditions. For example, increased clay content greatly compromises depth o f exploration o f the GPR technique and contact resistance re sulting from frozen soils limits the use o f the DC resistivity method. In addition, all other electromagnetic techniques require increased sur vey time which would have resulted in a greater cost o f data acqui sition.
The FEM method utilizes highly portable instrumentation con sisting o f a vertical or horizontal transmitter dipole and a similar re ceiver dipole. Operating at a fixed frequency the primary magnetic field produces a secondary field dependent, to a large extent, upon subsurface conditions (M cNeill, 1980). Ground conductivity data was collected along the proposed pipe line corridors using the Geonics Ltd. EM31 and EM34 Terrain Con ductivity Meters. Table 2 In addition to acquiring data along the proposed pipeline cor ridor, transects were made at regular intervals extending away from the existing seismic cutline to avoid the influence o f thermal degradation. To complement the electromagnetic survey data, vegetation type, indi cators o f thaw settlement^ presence o f hummocky terrain and evidence o f bum areas were documented during the geophysical survey.
Preliminary FEM survey results were evaluated in the field and locations identified to site subsequent boreholes within areas o f great est permafrost potential. The borehole data was then used to confirm the geophysical interpretation and to extrapolate the geophysical data away from the boreholes.
EXAMPLES OF FEM SURVEY RESULTS
Results o f the FEM survey were presented as pseudosections to illustrate applications to specific pipeline design criteria. These in clude permafrost delineation, buoyancy and slope stability.
Permafrost Delineation
Relatively low ground conductivity identified the potential for permafrost occurrence along a portion o f the proposed route (see The results o f the FEM survey have been compiled in Table 3 to summarize permafrost distribution by terrain type.
In addition to the identification o f regions where permafrost is present, the absence o f permafrost in frost susceptible soils is impor tant in the selection o f compressor station locations.
Buoyancy
Unfrozen areas o f thick organic cover necessitate additional de sign considerations for buoyancy control. Conductivity o f organics tend to be somewhat greater than clay-rich coils. Correlation o f con ductivity data with other field notes generally enable differentiation from permafrost response. 
Slone Stabilitv
Specific areas within this region have been identified as potential problem sites for slope stability. These include river crossings, slopes underlain by permafrost and the Shaftsbury Formation shales. As mentioned previously, the terrain in the area o f the projects is gently sloping with the largest gradients occurring at the river and creek valleys. The field program did not discover permafrost in any o f the river and creek valleys traversed by the proposed routes. The occur rence o f the highly conductive underlying Shaftsbury Formation shales is illustrated in Figure 8 . The shales occurred within the proposed trenching depth for the pipeline. Again, the terrain in this area is only gently sloping. Therefore, slope stability problems at specific sites along the proposed pipeline routes are expected to be minimal.
GEOTECHNICAL HELD PROGRAM
The geotechnical field program had two main goals. First, as mentioned earlier, the results were used to calibrate the geophysical data Second, disturbed soil samples and undisturbed permafrost sam ples were collected for further laboratory testing. A total o f 56 bore holes were drilled on the Rainbow Lake program and 27 on the Zama Lake program.
General guidelines were set up for the geotechnical investigation in an effort to provide consistent data retrieval. The minimum depth o f the boreholes was set at 6 metres. When permafrost was encoun tered the borehole was extended to the bottom o f the frozen zone and into the underlying unfrozen soil. Knowing the depth and compo sition o f the permafrost is critical in deteimining the magnitude o f thaw settlement. Disturbed samples were taken every 1.52 metres in each borehole. An undisturbed sample was taken in boreholes where permafrost was encountered.
The procedure used in handling the undisturbed samples was dif ferent for each program. The challenge was keeping them frozen until they arrived at the geotechnical lab. For the Rainbow Lake projects, it was relatively simple since this program was completed during winter. With the ambient temperatures below freezing the samples were stored outdoors in a shaded area, packed in snow. At the completion o f the program the samples were packed with dry ice in coolers and flown by commercial airline to the geotechnical lab where they were stored in a freezer. ITie Zama Lake program was completed during summer which required a little mote creativity. Each morning the drill crew took out a cooler filled with ice and any permafrost samples collected during the day were stored in the cooler to keep them frozen. Extra freezer space at the base camp was used to store the samples until they were shipped. Using the procedure from Rainbow Lake, samples were sent to the geotechnical lab in two shipments, one at the midpoint and the other at the completion o f the program. This was required due to the limited amount o f freezer space available at the base camp.
The handling procedure for the disturbed samples was the same for both projects. They were bagged on site and packed in boxes at the end o f each day. H ie boxes were transported by bus to the geo technical lab.
Two types o f drilling rigs were used to complete the geotech nical investigation for the Rainbow Lake projects. With the program being completed in the winter, approximately half o f the pipeline right-of-way was accessible by all weather roads and winter roads over the frozen wetlands. This made it possible to use a nodwell mounted drilling rig. A helicopter supported drilling rig was used in areas that were not accessible by the nodwell or the travel time required to get to the borehole location by nodwell made it uneconomical. On the Zama Lake program, the summer schedule and the limited number o f all weather roads in the area resulted in the exclusive use o f a helicopter supported drilling rig. Each drilling rig had a crew that was composed o f a driller, a driller's assistant and a geotechnical technician.
Hi.* .'■odwell mounted rig was equipped with a 152 mm diameter solid stem auger. It was hauled by truck and trailer as close as pos sible to a group o f boreholes, unloaded and driven along the seismic cutlines to the borehole locations. Depending on their age, some o f the cutlines were quite overgrown but, with the exception o f clearing a few larger fallen trees, the nodwell had little difficulty with access and maneuverability. The nodwell was equipped with a winch for use in areas where sloping terrain and deep snow made traction difficult. The rig had sufficient power to auger through permafrost. The undis turbed samples were collected using Shelby tubes.
H ie helicopter supported drilling rig was equipped with a 101.6 mm diameter solid stem auger. The rig was flown to each borehole location in four stages. First, a member o f the drill crew was flown to the next borehole location to assist in placing the equipment. The next two stages involved one for the rig and one for the equipment basket The final stage was to fly the remaining two crew members to the new site. Due to its light, compact construction this rig had some difficulty augering through permafrost. Therefore, once frozen soil was encoun tered a CRREL (Cold Regions Research and Engineering Laboratory, US Army) core barrel was used to advance the borehole. The CRREL barrel cores were used as undisturbed samples. On the Rainbow Lake program, the cutlines in the vicinity o f the borehole locations were quite open and required little preparation prior to moving the rig in. However, in the Zama Lake area the cutlines were largely overgrown. As a result, a clearing had to be cut at numerous borehole locations to allow the rig to be set down.
The logistics o f selecting the borehole locations were different for each program. On the Rainbow Lake program, the geophysical crew began work only one day ahead o f the nodwell drilling rig. The heli copter drilling rig arrived six days later. With the tight scheduling, it was a challenge foT the geophysical crew to keep ahead o f the two drilling crews. Boreholes were marked in the field as the geophysical data was logged. On the Zama Lake program, the geophysical crew was given more lead time, they began work five days ahead o f the helicopter rig. In addition, only one drill crew was mobilized since there was one preferred route to investigate versus two possible routes on the Rainbow Lake projects. This enabled them to do a preliminary analysis on the data in the evenings and provide borehole locations the next day. A separate crew then went to each location, cleared an area for the drilling rig, where required, and marked the borehole location so that it would be visible from the air.
Thermistor strings were installed on each program to measure soil temperature. The thermistor strings were 9 metres long with six beads at 1 metre spacings. The first bead was installed 1 metre below grade and the bottom bead at 6 metres below grade. From the data collected to date the average permafrost temperature is minus 0.1 degrees Cel sius with the coldest reading minus 0.5 degrees Celsius.
The field program verified the assumption used in the route se lection stage. In areas where permafrost was encountered, it had large ly degraded within the existing cleared seismic corridors versus the undisturbed areas.
LAB TESTING
Lab testing was carried out on the disturbed and undisturbed sam ples to determine the moisture profile in each borehole as well as the thaw strain and compressibility o f the frozen soil. These three pieces o f information are important inputs to thaw settlement analysis.
The moisture profile for each borehole was determined by com pleting a moisture content test on each disturbed sample. In addition, random Atterberg limits and grain size tests were performed on the disturbed samples to validate the visual classifications on the borehole logs.
Thaw strain and drained compressibility tests were completed on the undisturbed samples. The first step in the process was to remove the soil samples from the Shelby tubes, the CRREL samples had been removed from the core barrel on site. The samples were then photo graphed and sections chosen for thaw strain and compressibility tests. The selection criteria for the test section were that it should represent the average ice content and soil type o f the sample. The test section was then cut out o f the sample and trimmed to fit into molds. The molds were pieces o f Shelby tube cut to a 1:1 length to diameter ratio with a base welded on one end. The challenge with the trimming pro cess was to maintain the frozen integrity o f the test sections. As soon as the surface o f a test section began to thaw it was returned to the freezer and another one selected. As a result, trimming was done on several test sections simultaneously.
Once the trimming was complete, the test sections were placed in the molds and set up in a testing apparatus. The molds were flooded and allowed to thaw under a 13 kPa nominal stress. This stress incre ment was left in place for 24 hours with the vertical deformation o f the test sections measured and recorded by a data logger. This determined the thaw strain for each test section. Two more stress increments o f 37 and 110 kPa were applied for 24 hours each. The corresponding de formations were logged and,used to determine the compressibility o f the test sections.
THAW SETTLEM EN T ANALYSIS
Once the data from the lab testing had been compiled it was used to estimate the amount o f settlement for each borehole in which per mafrost was found. In order to accomplish this the effective stress was calculated at the top o f each soil layer identified in the borehole logs. Two effective stress scenarios were used, one assuming the water table was at the ground surface and the second, more conservative, assum ing the water table to be at the pipe invert Using the thaw strain test data, a relation was derived to calculate the thaw strain and the com pressibility o f clay and peat soils in the respective project area (Nixon, 1995) . Using this information in conjunction with the effective stress values, the settlement for each soil layer was calculated using the fol lowing formula: The individual soil layer settlements were then summed to arrive at a cumulative settlement value for each borehole that contained perma frost (see Table 4 ). The results o f the thaw settlement analysis were used as one o f the main inputs in a pipe stress model (Zhou et al, 1996) . The settlement values on the Rainbow Lake program ranged from 0.1-2.0 metres. On the Zama Lake program, the range was 0-3.2 me tres. The magnitude o f settlement was governed by the depth o f peat and the ice content o f the soil.
EXTRAPOLATION
Once all o f the data was collected, the next step was to extrap olate the results over the entire length o f each routing option.
The lengths o f individual terrain types crossed by the routes were measured from the aerial photographs and summed. For each individ ual terrain unit, a percentage o f potential permafrost within the unit was estimated using information from the geophysical mapping, the geotechnical investigation and observations o f the field personnel. Thus, an overall potential length o f discontinuous permafrost for each route was determined (see Table 5 ). Preliminary cost estimates for the routes were then prepared.
FUTURE MONITORING
A number o f monitoring instruments will be installed at select locations within the discontinuous permafrost areas. The instrumen tation will monitor pipe and soil temperatures, pipe and soil settlement and pipe strains. Pipe and soil temperatures will be used to monitor the rate o f permafrost degradation after construction and the pipe tem perature in those areas. Pipe settlement and strains will be compared to predicted values to assess their accuracy and the appropriateness of the design measures. Soil settlements w ill be compared to estimated values as well as to existing information from previous test sites for the Mackenzie Valley projects. In addition to an initial run once con struction is complete, another in-line inspection tool or "Smart Pig" run will be made at an appropriate time to get an overall pipe settlement/deformation picture.
CONCLUSION
The implementation o f this framework in handling discontinuous permafrost on high pressure natural gas pipeline projects will result in lower operating costs and an overall reduced life-cycle cost. Using the data collected, well informed decisions can be made regarding design solutions and construction practices in the permafrost areas. There fore, costly post-construction remediation measures can be minimized. The end result is a cost effective and reliable transmission line for shipping natural gas to market from the northern areas o f the Western Canadian Sedimentary Basin. and fastest growing gas transportation systems, this pipeline reliably transports 80 percent o f Canada's marketed natural gas and more than IS percent o f all the natural gas produced annually in North America. 
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